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Propulsion for Interplanetary Space Missions

F. M. Kirby

Rocketdyne, A Division of North American Aviation, Inc.

MOS‘I‘ OF THE AVAILABLE interplanetary mission
studies have evaluated either the heliocentric veloc-
ity requirements for transfer between planetary
orbits, or the performance of rockets departing and
entering planetocentric orbits. The purpose of this
paper is to present a method of relating the inter-
planetary transfer velocity requirements to a space
vehicle and its propulsion system performance.

The method developed provides a means of analyz-
ing the major propulsion phases of interplanetary
missions initiating and terminating in circular
planetocentric orbits. This method provides the
basis for a realistic, integrated analysis of propulsion
system requirements for specific interplanetary
missions, including the effect of depature date and
transfer time on propulsion requirements. With
this method, the effect of each mission and propul-
sion parameter can be examined with regard to over-
all vehicle performance.

Preliminary evaluations of interplanetary space
vehicles are presented to indicate typical analyses of
payload capabilities and propulsion requirements for
space vehicles.

The paper is divided into three parts. The first
presents the scope of the mission analysis and intro-
duces the interplanetary mission parameters. The
second develops the nomograph analysis method,
and the third presents representative mission
evaluations to indicate use of the nomograph
method and offers typical results of space propulsion
analyses.

The work presented in this paper was performed under
NASA Contract NAS 5-916.
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Fundamentals of Interplanetary Space Missions

Scope of Mission Analysis

Since relative positions of the planets at initiation
of an interplanetary mission affect the propulsion
requirements, a three-dimensional description of the
solar system configuration has been considered
necessary for a comprehensive analysis. The solar
model used in this analysis assumes that the planets
revolve about the sun in elliptical orbits. In this °
solar system model, the inclinations of the orbital
planes as well as the eccentricity of the planetary -
orbits affect the spatial positions of the planets with 3
respect to each other. ..

The interplanetary space missions (initiating from
a circular geocentric orbit) analyzed in this paper *
are:

(1) Planetary probes.

(2) Planetary circular orbit establishment.

(3) Planetary circular orbit establishment and
return to the earth.

Mr. Kirby, o research engineer in Advanced
Projects, joined Rocketdyne in 195%9. He
has conducted numerous propulsion require-
ment studies for high thrust-to-weight ratio
space vehicles performing near-earth, lunar,
and planetary missions, and onalytical 38
studies of earth escape maneuvers for low 3
thrust-to-weight ratio propulsion vehicles. 5
In conjunction with these studies he has formu-
lated several digital computer programs.
Prior to joining Rocketdyne, he was asso-
ciated with H. A. Wagner Engineering Co.
working in R&D. Mr. Kirby received his B.A
degree in physics from U.C.LA. in 1959, and has since extended his
education in the fields of astrodynamics and space vehicle navigation



Fundamentals of interplanetary space missions—both scope and analysis—

initiating from a circular geocentric orbit are discussed.

Planetary

probes, planetary circular orbit establishment and planetary circular orbit

establishment with return to the earth are covered. Vehicles and propulsion

systems are described and a nomograph method for analysis given.

Symbols
ig = geocentric orbital inclination
heliocentric transfer plane inclination

ig =

T = launch date

T = transfer time

Vi = earth hyperbolic excess velocity

V. = planetary hyperbolic excess velocity
F = propulsion system thrust

I, = rocket specific impulse

¢ = burning time

R = mass ratio

M = vehicle mass

M = mass flow rate

go = earth surface gravitational constant
W = vehicle weight

Vp, = local escape velocity

LO: = liquid oxvgen

LH,; = liquid hyvdrogen

Ap = propellant fraction

The transfer trajectory for these missions consists
of a portion of a heliocentric conic section mated by
energy cousiderations at the boundaries to planeto-
centric hyperbolic trajectories. In these missions,
propulsion maneuvers are required to (1) depart a
planetocentric circular orbit and establish the
planetocentric hyperbolic escape trajectory and
(2) to change a planetocentric hyperbolic ar-
rival trajectory to a circular orbit about a planet.

Generally, it is necessary to use digital computers
in simulating the propulsion maneuvers (powered-
flight trajectories) for evaluating each specific com-
bination of mission and propulsion system param-
eters. The nomograph method was undertaken to
provide a convenient analysis method (with com-
parable computer accuracy) which does not require
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Fig. 1. Heliocentric plane change for planetary (executed at

earth orbit departure).

new computer calculations for each change in pro-
pulsion parameters. The nomographs are based
upon the results of computer-simulated trajectories
for representative missions and space vehicles, and
are valid for planar, tangential propulsion ma-
neuvers.

Studies have shown that a thrust-aligned-with-
velocity (tangential) maneuver (for orbit departure)
yields near maximum performance for a propulsion
system. Thus, a tangential program for thrust
application has been selected. A planar propulsion
maneuver can be defined as one in which the instan-
taneous thrust vector is coplanar with the instan-
taneous planetocentric position and velocity vectors
throughout the propulsion phase.

A planar propulsion maneuver can be used to
depart the Earth orbit and simultaneously establish
the necessary heliocentric transfer plane, if the geo-
centric parking orbit plane has the proper orienta-
tion and inclination z; to the equatorial plane. The
vector addition of the rocket’s hyperbolic excess
velocity vector in the geocentric plane, with its mean
heliocentric velocity vector (earth’s velocity vector)
in the ecliptic plane, determines the heliocentric
transfer plane (Fig. 1). In the analysis method pre-
sented, it is assumed that the correct geocentric orbit
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